Recently, many studies indicate that the GeV gamma ray excess signal from the central Milky Way can be best explained by ∼40-50 GeV dark matter annihilating via the bb channel. However, this model appears to be disfavored by the recent Fermi-LAT data for dwarf spheroidal galaxies and the constraint from synchrotron radiation. In this article, we describe a consistent picture to relieve the tensions between the dark matter annihilation model and the observations. We show that a baryonic feedback process is the key to alleviate the tensions and the ∼40-50 GeV dark matter model is still the best one to account for the GeV gamma ray excess in the Milky Way.
Introduction
In the past few years, a considerable amount of excess GeV gamma rays emitted from our Galactic center were reported [1, 2] . This excess signal, of GeV gamma rays, is difficult to explain with cosmic ray and pulsar emission [3, 4] . Also, the energy dependence of the excess signal does not match the one emitted from pulsars [5] . Although some studies are still examining the astrophysical interpretation of the GeV gamma ray excess [6] [7] [8] [9] [10] , many recent studies are focusing on the possibility of dark matter annihilation to explain the excess [4, 5, [11] [12] [13] [14] .
In particular, Daylan et al. (2014) [4] claimed that the gamma ray spectrum obtained from Fermi-LAT can be best fit with m = 30-40 GeV dark matter annihilation via the bb channel, with cross section < σv >= (1.4-2.0) × 10 −26 cm 3 s −1 . Abazajian et al. (2014) [12] used similar methods and obtain a slightly different best-fit mass m = 39.4( +3.7 −2.9 )(±7.9) GeV and cross section < σv >= (5.1 ± 2.4) × 10 −26 cm 3 s −1 . Interestingly, the cross sections obtained are close to the expected canonical thermal relic abundance cross section < σv >≈ 3 × 10 −26 cm 3 s −1 . Moreover, the inner slope of the dark matter density determined from the morphology of the gamma ray flux is γ ≈ 1.1-1.3 (best-fit is γ = 1.26) [4, 14] , which is consistent with the theoretical expectation from dark matter-only numerical simulations (γ = 1-1.5) [15] [16] [17] [18] . Later, by considering the foreground and background uncertainties, [14] obtained a new best-fit dark matter mass and cross section for the bb annihilation channel (m = 48.7 +6.4 −5.2 GeV and < σv >= 1.75
+0.28
−0.26 × 10 −26 cm 3 s −1 ). However, the last six years of Fermi-LAT data for Milky Way dwarf spheroidal galaxies give a stringent constraint on the annihilation cross section [19] . The upper limit of the cross section for 50 GeV dark matter annihilating via the bb channel is 1.35 × 10 −26 cm 3 s −1 [19] , which is smaller than all of the best-fit cross sections mentioned above. By marginalizing the parameters of the Milky Way, Abazajian and Keeley (2015) [20] obtained a very small parameter space which can satisfy both the excess GeV gamma ray data for the Milky Way and the gamma ray flux upper limit for the Milky Way dwarf spheroidal galaxies. Nevertheless, the required concentration parameter is very high (c = 50), which is disfavored by observations [20] .
Furthermore, the data from synchrotron radiation also provide a stringent constraint on the annihilation cross section. By using the observed radio flux at 408 MHz emitted from a small region (r ≈ 0.16 pc) near the Galactic center [21] , the largest annihilation cross section is constrained to < σv >∼ 10 −27 cm 3 s −1 for m = 50 GeV and γ = 1.26 [22] , which is smaller than the best-fit annihilation cross section. Also, it has been suggested that the supermassive black hole would steepen the dark matter density profile in its sphere of influence (within 1.7 pc) [23] . If the supermassive black hole grows adiabatically from a smaller seed, the density spike would give a strong enhancement of the annihilation signal [23, 24] . If this is the case, the resulting upper limit based on radio observations would be much tighter. In fact, based on the gamma ray observations, Fields et al. (2014) [24] showed that the popular bb model with the density spike does not satisfy the observed upper limit within 1 • of the Galactic center for γ = 1.26.
Based on the above discussion, it seems that the most popular dark matter annihilation model is in considerable tension with observations. In this article, we point out that one important process, the baryonic feedback process, has not been seriously taken into account in the above evaluations. If the baryonic feedback process can remove the cusp structure of dark matter, then ∼40-50 GeV dark matter annihilating via bb can escape from all of the above constraints. In other words, this dark matter annihilation model can still provide the best explanation of the GeV gamma ray excess in the Galactic center. In fact, if we include the confidence levels of the exclusion limits (95%) for all of the observed constraints, the tension would be much milder. Nevertheless, it is still important to consider the effect of baryons if they can alleviate the tension to a large extent. This description can also give a complete and better picture for the GeV gamma ray excess problem.
The Spike Structure and the Synchrotron Radiation Constraint
It is commonly believed that the supermassive black hole, with mass M BH = 4 × 10 6 M , at the Galactic center dominates the gravitational potential. Assume that dark matter particles are collisionless and the supermassive black hole grows adiabatically from a small seed. Within its sphere of influence (r h = 1.7 pc) [24] , the inner slope of the dark matter density for r < 0.2r h would increase to a larger value, which is given by the following relation (for γ > 0) [24] :
For the best-fit value γ = 1.26 in the interpretation of the GeV excess [4, 14] , we have γ sp = 2.36. Fields et al. (2014) [24] showed that this effect would greatly increase the annihilation signal within 0.0031 pc. The expected gamma ray flux for 35.25 GeV dark matter annihilating via the bb channel is 1.1 × 10 −6 cm −2 s −1 , which is much larger than the observed upper limit 3.2 × 10 −8 cm −2 s −1 [24] . In other words, the emission from a canonical adiabatic black hole spike is inconsistent with a dark matter interpretation of the Galactic center GeV gamma ray excess [24] .
However, if the original inner slope γ is not 1.26, but a value close to zero, the resulting enhanced slope would be 1.5 instead. The corresponding dark matter density profile is given by [23] :
where ρ 0 is the central dark matter density, σ v is the velocity dispersion, and R s is the Schwarzschild radius. In fact, recent simulations suggest that baryonic effects on the dark matter distribution are not negligible [25] . For example, the feedback from supernova explosions and star formation can generate outflows and transfer energy to dark matter components that form core-like structures [25] [26] [27] . If baryonic gas is locally removed on a short timescale due to supernova explosions or star formation, the gravitational force holding the dark matter would decrease, such that the dark matter particles would move outwards (to a larger radius). In other words, dark matter gains energy and the central dark matter density would decrease [25] . If this process repeats, the effect of energy transfer would be accumulative and the slope of the central dark matter density becomes flatter. This global effect of baryonic feedback has been verified by numerical simulations [27] and the result is consistent with the observations that many galaxies exhibit a flatter central dark matter density slope or core-like dark matter structures [28] [29] [30] . Therefore, the baryonic feedback model can provide a possible solution to address a serious problem in cold dark matter cosmology; the core-cusp problem [26] . Based on numerical simulations, the inner slope at r = 500 pc is approximately given by [27] :
where M * is the enclosed stellar mass within 500 pc. By using the latest Milky Way bulge profile from Reference [31] , the total stellar mass within 500 pc is M * = 9 × 10 8 M . Hence, from Equation (3), we get γ = 0.17, which is close to a flat central density. In other words, due to the baryonic feedback, the inner slope of the dark matter density decreases from 1.26 to 0.17 when r is decreased from r ≈ 1 kpc to r ≈ 500 pc. Therefore, it is very likely that the inner slope decreases to γ = 0 when r < 0.2r h . Notice that this argument does not affect the best empirical fit of the density slope (γ = 1.26) from the Fermi-LAT data, since most of the data obtained are for r ≥ 1 kpc [14] . Therefore, we are suggesting γ = 1.26 for 1 ≤ r ≤ 10 kpc and γ < 1.26 for r < 1 kpc. The density profile is neither a generalized Navarro-Frenk-White (NFW) profile nor a Burkert profile. According to Equation (2), the enhanced inner slope due to the supermassive black hole would give γ sp = 1.5. From Reference [24] , the resulting gamma ray flux would not exceed the observational upper limit if γ sp = 1.5. Therefore, this model can escape from the central gamma ray constraint.
In fact, the shallower density profile in the Milky Way is supported by the recent numerical simulation results of References [32, 33] . N-body simulations show that Milky Way-like galaxies exhibit a flattening in the dark matter density profile for r < 2 kpc and the density profile's slope is steeper than 1 [32, 33] . However, the analysis in Reference [32] shows that this model fails to reproduce the right morphology of the excess in the innermost regions, for the shallower profile. Observational data favor γ = 1.26 within 1-10 kpc of the Milky Way [14] . Nevertheless, if we include the 'spike contribution', this problem would be reconciled. Based on the results in Reference [24] , the spike-enhanced gamma ray flux (γ sp = 1.5) at E = 2 GeV within 1 • is ∼7.5 × 10 −6 cm −2 s −1 sr −1 GeV −1 , which matches the observed flux within 1 • [14] . For the outer region, the flux at E = 2 GeV can be given by Φ ≈ r −2 ρ 2 c r 2 dr(< σv > /m 2 )(dN γ /dE), where r = 8.5 kpc, ρ c is the central dark matter density and dN γ /dE is the gamma ray spectrum of dark matter annihilation. Combining it with the spike-enhanced gamma ray flux within 1 • , the total flux can be obtained (see Figure 1) , which is close to the observed flux. However, the flux at about 3 • may be overestimated because the actual dark matter density is somewhat lower than the central density, as assumed in this simplified model. Therefore, the spike-enhanced flux together with the flux due to the shallower density emission can generally account for the observed morphology. Since dark matter annihilating via the bb channel also produces electron and positron pairs, the cooling of these electron and positron pairs would give a large amount of synchrotron radiation if the magnetic field B at the Galactic center is strong. The radio flux (erg cm −2 s −1 ) observed at frequency ν due to dark matter annihilation is given by [34] :
where ρ is the dark matter density, dN/dE is the electron spectrum of dark matter annihilation, and:
The magnetic field near the Galactic center is usually modeled by [22, 35] : 
The radio observations at 408 MHz from the Jodrell Bank telescope obtained in Reference [21] provide the most stringent limit on the dark matter annihilation cross section [22] . The flux upper limit from the inner 4 cone around the Galactic center is 2 × 10 −16 erg cm −2 s −1 [21, 35] . If the inner slope of the dark matter density is γ = 1.26, this limit constrains the annihilation cross section to smaller than 10 −26 cm 3 s −1 for m ≤ 200 GeV [22] . Nevertheless, as mentioned above, if the inner slope is shallower due to baryonic feedback, the predicted flux would be much smaller. By using the dark matter density expression in Equation (2) and assuming 50 GeV dark matter annihilating via the bb channel with < σv >= 1.75 × 10 −26 cm 3 s −1 , the radio flux calculated by Equation (4) is S = 5.4 × 10 −17 erg cm −2 s −1 , which is smaller than the observed upper limit. Therefore, the annihilation model can satisfy the synchrotron radiation constraint if we consider the baryonic feedback process.
Note that the systematic uncertainties of the magnetic field profile in Equation (6) are quite large in the Milky Way (see the discussion in Reference [22] ). Since the radio constraint is highly dependent on the magnetic field strength, the resulting radio constraint also has large uncertainties. Nevertheless, here we show that our proposal can relieve the tension between the radio constraint with this specific magnetic field profile (Equation (6)) and the gamma ray constraint.
Constraints for Milky Way Dwarf Spheroidal Galaxies
The six years of Fermi-LAT data for Milky Way dwarf spheroidal galaxies put a tight constraint on the dark matter annihilation cross section. For 50 GeV dark matter annihilating via the bb channel, the 95% confidence level (C.L.) upper limit is < σv >= 1.35 × 10 −26 cm 3 s −1 (for the NFW dark matter profile) [19] , which is in mild tension with the fitted results in Reference [14] . However, recent studies suggest that many dwarf galaxies exhibit core-like structures [25, 26] . In particular, the observed rotation curves of the Milky Way dwarf spheroidal galaxies indicate the existence of cored dark matter halos [36, 37] . The dark matter density of these galaxies can be well fit by the Burkert profile [36] :
where r 0 and ρ 0 are the core radius and core density respectively. The origin of the cored-profile is a controversial issue [26] . Although the total baryonic mass is small in dwarf galaxies, the effect of baryonic feedback on dark matter density may not be negligible. This can be supported by the results of numerical simulations [27] . If we assume that the dark matter density of the dwarf spheroidal galaxies follows the Burkert profile, the upper limit of the annihilation cross section constraint would be larger than 1.35 × 10 −26 cm 3 s −1 since the total dark matter content is overestimated in that case. This effect can be reflected by the J-factor calculation (J = los ρ 2 dl ∆Ω dΩ). For example, the J-factor of the Draco dwarf galaxy is log(J/GeV 2 cm −5 ) = 18.8 for the NFW profile within Ω = 2.4 × 10 −4 sr [19] . If we use the Burkert profile with the parameters in Reference [38] , the revised J-factor would be log(J/GeV 2 cm −5 ) = 18.65, which is 40% smaller. The parameters of the Burkert profile for each dwarf galaxy can be obtained in Reference [39] . The revised J-factor can be calculated by the stacked analysis [40] . Including this effect from all of the dwarf galaxies, based on the analysis in Reference [19] , the upper limit of the stacked analysis would increase by a factor of 1.25 for 50 GeV dark matter. Therefore, the new upper limit is < σv >= 1.69 × 10 −26 cm 3 s −1 , which is consistent with the fitted result in Reference [14] ; < σv >= 1.75
+0.28
−0.26 × 10 −26 cm 3 s −1 (see Figure 2 ). [19] . The data point with error bars is the best-fit range obtained in Reference [14] . The dotted line is the upper limit obtained from the radio constraint [21] .
Discussion
In this article, by considering the effect of baryonic feedback, we show that the most popular annihilation model (40-50 GeV dark matter annihilating via bb) basically satisfies the most stringent constraint, the synchrotron radiation constraint, even if a density spike exists near the supermassive black hole. Also, based on the analysis in Reference [24] , the gamma ray flux from dark matter annihilation due to the density spike would not exceed the current GeV gamma ray upper limit. Therefore, baryonic feedback can relieve the tensions among the adiabatic growth model of the supermassive black hole, the 40-50 GeV dark matter annihilation model (via the bb channel), and the observational constraint of synchrotron radiation within 4".
Furthermore, we point out that the annihilation model can satisfy the current upper limit of gamma ray flux for Milky Way spheroidal galaxies, if we assume that the dark matter density profile follows the Burkert profile. This assumption can be supported by numerical simulations which show that the inner slope of the dark matter density is flatter than those obtained in dark matter-only simulations [27] . If we combine the results for the Milky Way and Milky Way dwarf spheroidal galaxies, the revised range of annihilation cross section would be < σv >= (1.49-1.69) × 10 −26 cm 3 s −1 for m = 50 GeV. To conclude, baryonic feedback may be an important key to relieve the tensions in the dark matter interpretation of the GeV gamma ray excess. Further observations and numerical simulations are required to test our suggestions.
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